The ultimate cause of death for most patients with newly diagnosed chronic lymphocytic leukaemia (CLL) and its relationship to co-morbid health conditions is poorly defined. We conducted a prospective cohort study that systematically followed 1143 patients diagnosed with CLL between June 2002 and November 2014. Comorbid health conditions at the time of CLL diagnosis and their relationship to survival and cause of death were evaluated. Collectively, 1061 (93%) patients had at least one co-morbid health condition at the time of CLL diagnosis (median number 3). Despite this, 89% of patients had a low-intermediate Charlson Comorbidity Index score (CCI) at diagnosis. After a median follow-up of 6 years, 225 patients have died. Death was due to CLL progression in 85 (46%) patients, infection in 14 (8%) patients, other cancer in 35 (19%) patients and comorbid health conditions in 50 (27%) patients. Higher CCI score and a greater number of major comorbid health conditions at the time of CLL diagnosis was associated with shorter non-CLL specific survival, but not with shorter CLL-specific survival on multivariate analysis. In conclusion, CLL and CLL-related complications (infections and second cancers) are the overwhelming cause of death in patients with CLL, regardless of CCI score and number of comorbid health conditions at diagnosis.
Chronic lymphocytic leukaemia (CLL) is a disease of the elderly (median age at diagnosis~72 years) and typically occurs in individuals with coexistent health problems (SatramHoang et al, 2014) , which may affect survival (Charlson et al, 1987) . Over the last 15 years, a number of genetic, biological and molecular characteristics of CLL B-cells that are associated with survival have been identified (Di Giovanni et al, 1989; Dohner et al, 2000; Rassenti et al, 2008) Although comprehensive approaches to integrate clinical and biological factors into a single risk score have been developed (Wierda et al, 2007; Pflug et al, 2014) , they have not yet integrated the impact of comorbidities and competing causes of death. These facts make accurate risk stratification and counselling of newly diagnosed patients challenging.
It is already known that traditional prognostic factors play a more limited role for predicting outcome among patients aged 75 years or older (Shanafelt et al, 2010) . However, how to account for the impact of concomitant medical conditions on patient outcome in newly diagnosed CLL patients remains unclear (Thurmes et al, 2008; Goede et al, 2014; Nabhan et al, 2014) . Conflicting data are available in the literature as to whether comorbid conditions predict prognosis in newly diagnosed patients with CLL (Thurmes et al, 2008; Reyes et al, 2012) , whereas they more clearly play an independent prognostic role at time of first treatment (Goede et al, 2014; Manda et al, 2014) .
Here we report the findings of a prospective cohort study that evaluated the cause of death in newly diagnosed patients with CLL and evaluated whether the number of comorbidities predicts the cause of death and survival of newly diagnosed patients.
Research Excellence (SPORE) was used for this study. The MER is a prospective cohort study of non-Hodgkin lymphoma and CLL outcomes that was initiated in 2002 (Thompson et al, 2011; Maurer et al, 2014) . Newly diagnosed patients with CLL who were evaluated at Mayo Clinic, Rochester, MN, within 9 months of CLL diagnosis, were aged 18 years or older, resident in the United States and enrolled in MER between June 2002 and November 2014, were included in this cohort. Exclusion criteria included human immunodeficiency virus infection, non-English speaking, and inability to provide written informed consent. At baseline, patients provided data on personal and family history, comorbidities and functional status. Patients were prospectively and systematically contacted every 6 months during the first 3 years after initial diagnosis to assess vital status, disease progression and new treatments. Patients then continued to be followed until death or last to follow-up. The study was approved by the Institutional Review Board of Mayo Clinic and was conducted in accordance with the principles of the Declaration of Helsinki.
Comorbidity and mortality assessment
Comorbidities diagnosed prior to or simultaneously with CLL diagnosis were recorded at the time of first CLL evaluation at Mayo Clinic. Comorbidities were assigned to one of 15 categories: stroke, cardiovascular disease (including coronary artery disease, peripheral vascular disease, cardiomyopathy, valve heart disease and atrial fibrillation), hypertension, respiratory disease, diabetes mellitus, other endocrinological disease, dyslipidaemia, rheumatological disease, gastrointestinal disease, genitourinary disease, psychiatric disease, history of deep venous thrombosis or pulmonary embolism, alcohol abuse, sexually transmitted disease, and other cancers (excluding non-melanoma skin cancer). For other analyses, baseline comorbidities were further analysed as major comorbid conditions (e.g. cerebrovascular disease, cardiovascular disease, respiratory disease, diabetes mellitus and other cancer). The Charlson Comorbidity Index (CCI) was also calculated for each patient, based on comorbid health conditions present at the time of diagnosis (Deyo et al, 1992) . The CCI is an age-weighted prognostic score based on 17 disease categories, which has been validated over the last 25 years and has reliably predicted survival in any patient population (Charlson et al, 1987) . A CCI score ≤3 was considered low, 4-5 was moderate, 6-7 was high and ≥8 was very high.
Information on cause of death was also collected from electronic records. For patients in whom cause of death could be accurately determined, the cause of death was classified into one of four categories: (i) progressive CLL, (ii) infection, (iii) other cancers or (iv) comorbid health condition (in absence of CLL progression). When the cause of death could not be accurately determined, the cause of death was categorized as 'unknown'.
Statistical analysis
Descriptive statistics were used to summarize baseline clinical characteristics. The relationship between baseline categorical or continuous variables and ultimate cause of death were compared using the v 2 or Fisher exact tests and the KruskalWallis test, as appropriate. Comorbidity categorical indices were modelled as continuous variables. Survival was modelled using the Kaplan-Meier method using a log-rank test to compare each comorbidity index. Overall survival (OS) was defined as time from diagnosis to death or last followup. CLL-specific survival was defined as time from diagnosis to death from a CLL-related cause. CLL progression, infection and second cancer were considered CLL-related causes of death for this analysis. Patients who died due to other causes were treated as a competing risk. Non-CLL specific survival was defined as time from diagnosis to death from a cause unrelated to CLL. Patients who died due to CLL progression, infection, and second cancer were treated as a competing risk at the time of death for this analysis. Patients with unknown cause of death were excluded for both the CLL-specific and non-CLL specific survival analyses. Logistic regression was used to compare comorbidities at baseline by cause of death (i.e., CLL-specific versus non-CLL specific). Survival was displayed using a cumulative incidence function with competing risks for CLL-and non-CLL specific analyses using Gray's test to compare groups. Multivariate analyses (MVA) to identify characteristics independently associated with mortality were performed using Cox regression analysis, accounting for competing risks (when appropriate) using Fine-Gray models. Each model contained age (10-year increments), sex and Rai stage; we then added one of the comorbidity measures (e.g. CCI or number of major co-morbidities) to the model. Due to the number of missing values for molecular CLL prognostic factors [e.g. fluorescence in situ hybridization (FISH), IGHV], we were unable to include these factors in the multivariate models. All P-values were 2-sided and considered significant if ≤0Á05. Analyses were performed using SAS version 9Á4 (SAS Institute, Cary, NC, USA).
Results

Baseline characteristics and comorbidities
One thousand and forty-three patients were included in the study. Baseline characteristics are shown in Table I . Median age was 63 years and two-thirds were men. Among those patients with CLL prognostic testing available, 44% had unmutated IGHV and 14% had unfavourable genetic characteristics on FISH analysis (del17p or del11q).
The prevalence of various comorbid health conditions present at the time of CLL diagnosis are shown in the three most common comorbid health conditions present at the time of CLL diagnosis. The CCI score was low (0-3) at the time of CLL diagnosis in 831 (73%) patients, intermediate (4-5) in 185 (16%), high (6-7) in 76 (7%) and very high (8+) in 51 (4%). While 548 (48%) patients had no major comorbidities at time of CLL diagnosis, 394 (34%) had one major comorbidity and 201 (18%) had two or more major comorbidities.
Cause of death
After a median follow-up of 6 years, 225 patients had died. The cause of death could be accurately determined in 184 (82%) of these patients: CLL progression in 85 (46%) patients, infection in 14 (8%), other cancer in 35 (19%) and comorbid health conditions in 50 (27%). The relationship between causes of death and baseline characteristics is shown in Table II . Patients with unmutated IGHV had a greater likelihood of experiencing a CLL-related death (odds ratio [OR] 2Á19, 95% confidence interval [CI] 1Á06-4Á54; P = 0Á04). No other CLL-related prognostic parameters had a statistically significant association with a CLL-related cause of death, although power was limited for some comparisons (e.g., high-risk FISH). With respect to comorbid health conditions at the time of CLL diagnosis, patients with a history of stroke (OR 5Á74, 95% CI 1Á02-32Á38; P = 0Á048), history of cardiac disease (OR 2Á02, 95% CI 1Á04-3Á93; P = 0Á04), higher CCI (OR 1Á46, 95% CI 1Á07-1Á98; P = 0Á02) and higher number of major comorbidities (OR 1Á73, 95% CI 1Á13-2Á65; P = 0Á01) had a higher likelihood of dying due to non-CLL related causes. No other co-morbid health conditions had a statistically significant association with a non-CLL related cause of death on univariate analysis.
Overall survival
After a median follow-up of 6 years, the median OS had not been reached. On univariate analysis, both a higher CCI score (Fig 2A) and a higher number of major comorbidities at diagnosis (Fig 2B) were significantly associated with a shorter OS (both P < 0Á001). On MVA, after adjusting for age, sex and Rai stage, a higher CCI score appeared to correlate with OS although this difference was not statistically significant (Table IIIA ; HR = 1Á14; 95% CI 0Á98-1Á32; P = 0Á10). A greater number of major comorbidities at diagnosis were significantly associated with OS in the MVA (Table III ; HR = 1Á27; 95% CI 1Á06-1Á52; P = 0Á009).
CLL-specific and non-CLL specific mortality
Median CLL-specific and non-CLL specific mortality have not been reached with current follow-up. On univariate analysis, higher CCI score was associated with a higher CLLspecific mortality (Fig 3A; P < 0Á001). A greater number of major comorbidities at diagnosis had a non-significant trend toward higher CLL-specific mortality (Fig 3B; P = 0Á066 ). Both a higher CCI score and higher number of major comorbidities were associated with higher non-CLL specific mortality (Figs 3C and D, respectively; P < 0Á001 for both). After adjusting for age, sex and Rai stage, MVA identified no statistically significant associations between CCI score or the number of major comorbidities at the time of diagnosis and CLL-specific mortality (Tables IIIA,B) . In contrast, both higher CCI score (Table IIIA ; HR = 1Á37; 95% CI 1Á02-1Á82; P = 0Á035) and higher number of major comorbidities (Table III ; HR = 1Á61; 95% CI 1Á11-2Á33; P = 0Á012) were significantly associated with increased non-CLL specific mortality.
Finally, when the analyses were repeated either (i) censoring deaths of unknown cause or (ii) assigning patients with deaths of unknown cause to one of the death groups (CLLrelated and unrelated), no significant difference in the above findings were observed.
Discussion
Limited information is available regarding cause of death in patients with CLL and its relationship to baseline comorbidities. The dogma is generally that patients with CLL are elderly, frequently have comorbid health conditions, and are likely to ultimately die from causes unrelated to CLL. Here we report one of the few studies to evaluate cause of death in a cohort of newly diagnosed patients with CLL followed prospectively and to evaluate their relationship with comorbidity.
Although comorbidities were common, a majority of patients died directly from CLL (46%) or infection (8%). An additional~20% died of other cancers that may be at least indirectly related to CLL given the increased risk of nonhematologic cancer associated with this condition. The CCI and the number of comorbidities at diagnosis were associated with survival in MVA and appeared to mediate this effect through an influence on non-CLL specific mortality, but not on CLL-specific mortality. These results indicating that most patients with CLL die directly of CLL or CLL related complications challenge many traditionally held paradigms.
Predicting the most likely cause of death following diagnosis becomes crucial for the management of these patients, particularly when therapy is needed. Currently, many patients are excluded from standard therapy or clinical trials because of concomitant comorbid conditions. Our results, however, demonstrate that CLL and its complications remain the main cause of death in these patients, and that comorbidities don't affect CLL-specific survival. These results highlight the importance of effective CLL therapy regardless of the presence of concomitant health conditions. In addition, it prompts the need for new therapies that can be employed in elderly patients with comorbid conditions. Ultimately, this may translate into longer survival and lower healthcare-associated costs.
In our study, despite a younger median age than typically reported in CLL (63 vs. 72 years), comorbid health conditions were very common at time of CLL diagnosis, with rheumatological diseases, hypertension and dyslipidaemia each being observed in 40% or more of patients. Their high incidence in this elderly population may just be secondary to aging. However, several studies have shown a significant association between CLL and chronic illnesses, such as renal disease (Strati et al, 2015) , dyslipidaemia (Mulas et al, 2011) and hypovitaminosis D (Shanafelt et al, 2011) . While both direct organ infiltration and microenvironment activity may be contributing factors to some of these other health conditions, the specific mechanisms underlying such associations remain unclear.
Despite the high frequency of comorbidities at time of CLL diagnosis, the majority of patients showed a low- intermediate CCI and had fewer than two major comorbidities, pointing toward a relatively low burden of comorbid health conditions in our cohort. While a high CCI at time of CLL diagnosis may predict poor survival, there is limited evidence regarding the effects of multiple comorbidities on treatment outcomes (Fried et al, 2014) . In fact, although data is limited, some studies suggest CLL and related complications are the cause of death for about 50% of patients with this disease (Thurmes et al, 2008; Goede et al, 2014; Nabhan et al, 2014; Satram-Hoang et al, 2014) . In our study, we found an even higher rate, in which 73% died of CLL progression or CLL related complications, such as infections or other cancers (Tsimberidou et al, 2009; Royle et al, 2011; Solomon et al, 2013) . Of interest, this is a cohort of patients diagnosed in the chemoimmunotherapy era; while the latter remains the standard of care for fit previously untreated patients, ongoing changes in therapy standards, with the potential introduction of newer biological agents as frontline regimens, may alter this scenario in the near future. Not surprisingly, the presence of unmutated IGHV was significantly associated with CLL-related mortality, with 77% of unmutated patients dying of CLL-related causes vs. 61% of IGHV mutated patients, as previously observed (Wierda et al, 2007; Fried et al, 2014; Pflug et al, 2014; Kutsch et al, 2015) . The presence of stroke or cardiac disease at time of CLL diagnosis was associated in our study with a higher rate of non-CLL related mortality, despite appropriate secondary prevention. In fact, 33% of patients with history of stroke had a CLL-related death versus 74% of patients without it, and 64% of patients with a cardiac disease history died of CLL-related causes versus 78% of patients without it. However, beyond these few associations, CLL progression and complications remained the main cause of death, irrespective of baseline characteristics and comorbidities.
In our study, while associated with a shorter non-CLL specific survival, a higher CCI and a higher number of major comorbidities did not associate with a shorter CLL-specific survival on MVA. Our group had already demonstrated that baseline comorbidities are less relevant than age and Rai stage in predicting survival at time of CLL diagnosis (Thurmes et al, 2008) . A more recent study, however, showed that the presence of comorbidities at time of first treatment is an independent prognostic factor for survival (Goede et al, 2014) , highlighting the prognostic role played by chronic illnesses when CLL requires therapy. The lack of association between baseline comorbidities and CLL-specific mortality highlights the predominant roles played by CLL progression and complications in the survival of CLL patients. This is a relevant point, as comorbidities can limit therapeutic options for patients with CLL and frequently represent exclusion criteria in clinical trials. As a consequence, both less toxic agents and clinical trials evaluating treatments that are designed to be tolerated by patients who do not meet traditional clinical trial eligibility criteria are needed. Our study has some limitations. This is a single centre study, employing 2 specific scales to assess comorbidities, and causes of death could not effectively be collected for all patients. In addition, the investigated cohort was younger than the average CLL population, potentially affecting the observed results. Continued efforts are needed to determine the optimal approach to assess co-morbidity and functional status in patients with CLL, and integrate these measures with established prognostic tools at different time-points in the course of the disease including at the time of and the time of first treatment.
